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Abstract

Many-body perturbation theory (MBPT) has been employed to calculate with
high wavelength accuracy the extreme ultraviolet (EUV) spectra of F-like to
P-like Xe ions. We discuss the reliability of the new calculations using the
example of EUV beam—foil spectra of Xe, in which n = 3, An = 0 transitions
of Na-, Mg-, Al- and Si-like ions have been found to dominate. A further
comparison is made with spectra from an electron beam ion trap, that is, from
a device with a very different (low density) excitation balance.

1. Introduction

Regular surveys of the data holdings of, for example, the NIST atomic spectra data base [1]
show how only for elements up to about Z = 26 (Fe) there are at least some data for practically
all charge states (though often deplorably incomplete). For heavier elements, data are mostly
limited to neutral atoms and the first few ionization stages, calculated values for one- and two-
electron ions, and resonance lines of ions with a single valence electron (Na-like, Cu-like).
The general character of spectra of any ion species can nowadays be quickly derived from
calculations. However, most of these calculations fall far short of spectroscopic accuracy. If
an experimental spectrum was to show a few hundred lines, and the theory predicted a few
hundred lines, there would be no easy mapping of one set to the other, and most likely it
would turn out (as it regularly does) that the experiment shows a plenitude of lines that are
not identifiable from current calculations. As an example, we cite the long-drawn and not yet
fully successful quest for the analysis of beam—foil spectra of four- to six-electron ions of an
element as light as Ne (Z = 10) [2-6]. It would be a mark of substantial progress if even the
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most prominent lines in spectra of ions with two to four valence electrons could be predicted
well enough to enable immediate identification within the experimental and calculational
uncertainties.

Of course, most calculations can be adjusted to some experimental atomic structure
parameters, and such scaled calculations can then predict further atomic data with improved
reliability. A test that precludes such a bias would require uncharted experimental data and
unadjusted, that is, ab initio calculations. We resort to experimental data for atomic systems
well beyond the bulk of well-analysed spectra, and thus with some uncertainty in the earlier
line classifications. The data are from a series of beam—foil experiments on Xe and Au [7-9]
that have, about a decade ago, pushed the envelope of such enterprises. (One of us, ET, was
the lead author of those three studies, and some of the laboratory notes and other unpublished
materials of the time are available to us for a re-investigation.) In the present paper, we
concentrate on the Xe data which are not as far beyond well-charted territory as are the Au
data (which will be discussed elsewhere). We also compare our results to Xe spectra recently
obtained at the Livermore electron beam ion trap SuperEBIT [10], that is, a light source with
very different excitation conditions; those spectra also are of much higher spectral resolution
than the earlier beam—foil spectra. There is very little other experimental information on the
EUYV spectra of such highly charged Xe ions as we discuss, and most of that [11-13] is on
n = 2-3 transitions in Ne-like ions which we do not cover. Xe has recently found interest
in the context of developing a light source for EUV lithography; the charge states needed to
produce light at a wavelength near 135 A are much lower though than the ones discussed here
(about ¢ = 8+ versus g = 39+ to g = 45+). Intermediate to these two ranges of charge states
are investigations of EUV light emission from a low-inductance vacuum spark [14], emission
spectra after electron capture by Xe ions of ¢ = 8+ to 16+ from He gas [15], and studies at the
Berlin EBIT [16] of EUV spectra of Xe!”* to Xe?*.

The EUV spectra of highly charged multi-valence-electron ions, such as Mg-like to
P-like Xe ions, comprise a large number of emission lines, typically several thousand, and
the highly accurate relativistic many-body theory must be brought to bear on the electronic
structure of low- to high-lying excited levels of the complex ions. Relativistic, electron
correlation and quantum electrodynamic (QED) effects play important or even dominant
roles and must be accurately accounted for when trying to interpret the complex EUV
spectra.

In recent years, relativistic many-body methods have evolved to the point where
they can predict the term energies and decay probabilities of one-valence-electron ions
with unprecedented accuracy [17-20]. However, high-accuracy theoretical predictions for
multivalence-electron ions of a quality comparable to those for one-valence-electron ions have
been unsuccessful for some years. The major difficulty in developing a high-accuracy many-
body algorithm for multivalence-electron systems lies in near-degeneracy in the valence shells
and accurate description of valence-core dynamic correlation. We have recently developed
and implemented such a relativistic multi-reference Mgller—Plesset (MR—-MP) perturbation
theory for high-accuracy calculations of spectroscopic quality for the term energies and decay
probabilities of multivalence-electron ions [21, 22].

We apply our multi-reference Mgller—Plesset calculations to determine levels and
transition probabilities in F- to P-like ions of Xe and to obtain theoretical predictions
of a multitude of prominent transitions in the spectral range of the observations. We
simulate spectra for a visual comparison with the available data. It turns out that such
calculations alleviate the calibration problem in the beam—foil data, largely explain even
minor features in the observed spectra and appear to be eminently useful guides for future
experiments.
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2. Theory

The effective N-electron Hamiltonian (in atomic units) for the development of our relativistic
MR-MP algorithm is taken to be the relativistic ‘no-pair’ Dirac—Coulomb—Breit (DCB)
Hamiltonian [23, 24]

1
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with
B,»j(O):—%[ai-aj+(a,<-r,<j)(aj-r,-j)/rizj]/r;j. (2)

Here hp(i) is the Dirac one-electron Hamiltonian. The DCB Hamiltonian is covariant to first
order and increases the accuracy of calculated fine-structure splittings and inner-shell binding
energies. Higher order QED effects appear first in order o®. The nucleus was simulated as
a sphere of uniform proton charge with the radius R = A'/3, where A is the atomic mass.
Ly = Ly(1)Li(2)---Li(N), where L,(i) is the projection operator onto the space D
spanned by the positive-energy eigenfunctions of the matrix Dirac—Fock—Breit (DFB) SCF
equation [24]. L, is the projection operator onto the positive-energy space D™ spanned
by the N-electron configuration-state functions (CSF) constructed from the positive-energy
eigenfunctions of the matrix DFB SCF. It takes into account the field-theoretic condition
that the negative-energy states are filled. The eigenfunctions {¢,(1j3q (r)}(eD® U D)) of
the matrix DFB SCF equation clearly separate into two discrete manifolds, D™ and D7,
respectively, of positive- and negative-energy one-particle states. As a result, the positive-
energy projection operators can be accommodated easily in many-body calculations. The
formal conditions on the projection are automatically satisfied when only the positive-energy
spinors are employed.

N-electron eigenfunctions of the no-pair DCB Hamiltonian are approximated by a linear
combination of Myic configuration-state functions, {d>§+)(y1j ), I = 1,2, ...,MMC} S
P, constructed from positive-energy eigenfunctions of the matrix multiconfiguration Dirac—
Fock-Breit (MCDFB) SCF equation,

Myc
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1

The MCDFB SCF wavefunction 1//,1}“:()/1( J ) is an eigenfunction of the angular momentum
and parity operators with total angular momentum 7 and parity 7. y denotes a set of quantum
numbers other than 7 and 7 necessary to specify the state uniquely.

Second-order variation of the state-averaged energy Qgtate-ave [21] is taken with respect
to the matrix elements of spinor unitary rotation matrix and configuration mixing coefficients
{Cik}, leading to the Newton—Raphson equations for second-order MCDFB SCF [25]. This
state-averaged second-order MCDFB equation yields a single set of spinors for the ground
and low-lying even- and odd-parity excited (y, J, 7) levels.

In order to account for strong configuration mixing among the highly excited levels, the
multireference configuration interaction method (MR—CI) [26] is introduced in an extended
subspace ‘B(CJ}) of positive-energy space. N-electron eigenfunctions of the no-pair DCB
Hamiltonian are approximated by a linear combination of Mc;(>>Myc) configuration-state
functions, {¢§+)(Vlj o), Il = 1,2,..., MCI}, constructed from the one-particle positive-
energy spinors computed in matrix MCDFB SCF. Variation of the configuration-state
coefficients {C;x} leads to the determinantal CI equation.

det (03 (y; T )| Hiyeg | @5 (v, T 7)) — ED$” (1, T7)| 0P (v, T 7)) = 0. )



2198 M J Vilkas et al

The eigenfunctions { Sk T n)} form a subspace ‘}3(&) of the positive-energy space ™.

Mcr

vk Im) =Y Cx®P (i In), K=12,..., Ma. 5)
1

The total DCB energy of the general CI state |¢,‘§‘(y,( J 71)) can be expressed as

EQ(yx In) = (Y& (ye Im) | Hiseg [V & (vx T 7))
Per(+)

= Y CrxCrx| @ (1 Tm) | Hiye |05 (v T 7). 6)
1,J=1

Here it is assumed that W,EI(VK Jm) and Cbr)(y](] ) are normalized.

The frequency-dependent Breit interaction, normal mass shift (NMS) and specific mass
shift (SMS) are evaluated as the first-order corrections using the eigenvectors {y/¢ (yx J7)}
from the MR-CI [21]. The frequency dependence of the Breit interaction is evaluated in
the Coulomb gauge, subtracting frequency-independent Breit interaction which is already
included (B®(0)) in MR—CI (equation (6)). The first-order corrections calculated in this
way are denoted by AB" (w).

The no-pair DCB Hamiltonian Hf-; is decomposed into two parts, unperturbed
Hamiltonian H, and perturbation V, following Mgller and Plesset [27],

Hpeg = Ho+V, %)
D(+)
Hy=Y |0y Tm)ESH (@ (v, Tm)). ®)
I
so that
H0|CD§+)(VIJTF)> = E?SF|(D(,+)()/IJT[)>(I = 17 2’ . ) (9)

E ,CSF is a sum of the products of one-electron energies defined by 8; and an occupation number
My, [11 of the k,-symmetry shell in the CSF ®{" (y, ) [28, 29];

D(+)
EFSF =" elny,., 1. (10)
q

The subset, {d>§+)(y,j7r); I = 1,2,..., MCI}, with which we expand the CI

wavefunction wg(y;(j ) (equation (5)) defines an active subspace ‘13(5[) spanned by

Igl(ijn) and its Mcr — 1 orthogonal complements, {Vx(yxk Jm); K = 1,2,..., Mc}.
The matrix of Hpp in this subspace is diagonal

(WS ok T | Hyep | WS (e T 1)) = 8k (ES + EY) Sk ES (yx T, (11)
where
M
EY = (g (rx Im)| Ho|[y g (v Tm)) = Y Crx Crx EFSF (12)
I
and
Ex' = (W ox IV [V vk T ). (13)

The residual space in the positive-energy subspace is Q® = D™ — P, which is spanned
by CSFs {®\" (y;Tn); I = Mcr+ 1, M +2, ... ).
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Application of the Rayleigh—Schrodinger perturbation theory provides order-by-order
expressions of the perturbation series for the state approximated by |1ﬁ§l(y1{ J 71)),

Ex(ygJIn) = EQyx Im) + EQ + -, (14)
where
EQ = (& (e IO VRV YL (rk T 7). (15)
Here, R is the resolvent operator,
Q(+)
R= — 16
e (16)
with
Q(+)
QW =" o) (1 Tm)) (@77 (1 T 7). (17)
1

The projection operator Q™ projects onto the subspace Q) spanned by CSFs
{<I>§+)(y1jn); I = Mcr+1,Mcr + 2, ... } Using the spectral resolution of the resolvent

operator acting on V | @3” nJ 71)), the second-order correction may be expressed as

EQ = > CrkCox(@) (i Tm)|[VRV |05 (v, T 7))

1J
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In this form, all perturbation corrections beyond first order describe residual dynamic
correlation correction for the state approximated by the CI wavefunction | ¢ (yx J7)).

Summations over the CSFs in equations (16) and (18) are restricted to CSFs (€®™)
constructed from the positive-energy branch (D) of the spinors, effectively incorporating
into the computational scheme the ‘no-pair’ projection operator £, contained in the DCB
Hamiltonians.

The large and small radial components of the Dirac spinors are expanded in sets of even-
tempered Gaussian-type functions (GTF) that satisfy the boundary conditions associated with
the finite nucleus [30]. The speed of light is taken to be 137.035 9895 au throughout this
study. The GTFs that satisfy the boundary conditions associated with the finite nucleus are
automatically kinetically balanced [30]. Even-tempered basis sets of 26s24p20d18f G spinors
(G for ‘Gaussian’) for up to angular momentum L = 3 and 15 G spinors for L = 4-11 are
employed. The order of the partial-wave expansion L, the highest angular momentum of
the spinors included in the virtual space, is Ly,x = 11 throughout this study.

All electrons have been included in the MR-MP perturbation theory calculations to
determine accurately the effects of relativity on electron correlation. Radiative corrections
(Lamb shifts) were estimated for each state by evaluating the electron self-energy and
vacuum polarization following an approximation scheme discussed by Indelicato, Gorceix,
and Desclaux [31]. The code described in [31, 32] was adapted to our basis set expansion
calculations for this purpose: all the necessary radial integrals were evaluated analytically. In
this scheme [32], the screening of the self-energy is estimated by integrating the charge density
of a spinor to a short distance from the origin, typically 0.3 Compton wavelength. The ratio of
the integral computed with an MCDFB SCF spinor and that obtained from the corresponding
hydrogenic spinor is used to scale the self-energy correction for a bare nuclear charge that has
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been computed by Mohr [33]. The QED corrections are substantial; the Lamb shift is of the
order 10000 cm ™! for the ions of our sample.

The levels that we present have been calculated with extensive sets of MBPT
wavefunctions. The transition rates have mostly been obtained by less time-consuming
MCDF calculations. In most cases the results of Babushkin (length) gauge and Coulomb
(velocity) gauge calculations agree with each other to within one to ten per cent. We present
our level lifetime results with three significant figures. However, in some test cases (especially
for several very low transition probabilities), MBPT lifetimes differ by up to 10% from the
MCDF Babushkin gauge results. The calculated lifetimes therefore are considered reasonably
good approximations, but could be improved upon in some cases by much more extensive
calculations.

3. Experimental data

The experimental set-up of the beam—foil work on Xe and Au at the Darmstadt (Germany)
GSI UNILAC accelerator has been described elsewhere [7-9]. This experimental arrangement
has gone through various development stages; most of the experimental effort was directed
at the precision spectroscopy of few-electron ions, in particular the determination of QED
contributions to the transition energies of n = 2-2 transitions in Li- and Be-like ions [34-38].
In contrast, the spectral lines of interest in the present study are largely in a spectral range
beyond the reach of calibration lines from the stationary calibration light source available.
This shortage of external wavelength references necessitated the use of calculated internal
(‘in-beam’) calibration lines, combined with a calculated dispersion curve.

The Xe experiment [7, 8] aimed primarily at spectra from which decay curves of the
resonance lines of Na-like Xe ions were to be constructed and then atomic level lifetimes and
transition probabilities derived. The wavelengths of the 3s—3p—3d transitions in Na-like ions
can be calculated well enough for such purpose. The emission spectrum of the foil-excited ion
beam was observed with a multichannel (spatially extended) detector that may record several
spectral lines in parallel. The wavelength calibration of the grazing incidence spectrometer
at GSI (with a R = 5 m radius of curvature grating/5 m diameter Rowland circle), was
established with the aid of a Penning discharge with Ne [39], Mg or Al that provided lines of
wavelengths above about 130 A. Careful angle measurements of the spectrometer ascertained
that it viewed the ion beam at right angles, so that the observed spectral lines ought not to
be shifted by the first order Doppler effect, while the correction for the second order (time
dilation) was taken from the separately measured beam energy (ion velocity 11.2% of the
speed of light, time dilation factor y = 1.0063). However, the wavelength determination
effort was very limited, because the lamp produced lines only near the upper wavelength end
of the EUV observations.

The type of multichannel detector used is known to be rather linear in position information
in the central part, but less so towards the edges. If precise wavelength measurements are
being tried with such a detector, widely overlapping, well-calibrated spectra are a necessity.
Such an approach was not compatible with the time frame of the given experiment.

The dispersion established in the wavelength range near 130-160 A was used as an
approximation throughout, relying on perceived line identifications of n = 3-3 transitions in
Na-like ions for reference markers in the individual spectral sections. However, a constant
dispersion was a reasonable approximation for only two of the three spectral slices, but not for
the third. At short wavelengths, the dispersion (wavelength interval divided by distance along
the Rowland circle circumference) progressively changes, and it should not have been taken
as constant in [8]. Taking the spectrometer geometry into better account (now for all spectral
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sections covered), changes the dispersion notably, so that—with reference to the same line
of Na-like Xe in the short-wavelength spectrum—the probable identifications of several other
lines change. The consequences are described below.

At the time of the Xe measurements (in 1993), the spectrometer had not yet reached
its later higher resolving power. In principle, the spectra could be remeasured nowadays
with a somewhat better resolution while using the same basic instrument, or with a flat-
field spectrograph and a CCD camera, as employed at the Livermore electron beam ion
traps [10]. Measurements at other ion beam energies could be used to enhance other charge
states. However, the beam—foil measurement set-up at GSI has since been discarded. The
same spectral range and charge states can be reached in laser-produced plasmas [40—42] and
in electron beam ion traps [10]. Both of these techniques have different conditions (high
versus low density) and therefore the spectra often look rather different. The beam—foil data
are peculiar in the sense that the excitation takes place at very high density, whereas the
observation is of ions in a low density environment, and it is intrinsically time-resolved on the
scale of a few picoseconds.

At the given energy of 5.9 MeV amu~!, the expected charge state distribution [43] of
the foil-excited Xe ion beam was ¢ = 47+ (N-like ions) 2%, 46+ (O-like) 6%, 45+ (F-like)
14%, 44+ (Ne-like) 20%, 43+ (Na-like) 22.5%, 42+ (Mg-like) 18%, 41+ (Al-like) 11%,
40+ (Si-like) 4.5% and 39+ (P-like) 1.2%. (Other calculations and tabulations differ by up
to one charge state for the mean or the most abundant charge state.) Consequently, when
using a sufficiently thick exciter foil (of a few hundred pg cm™? areal density, which is still
absolutely thin), transitions between low-lying levels of these ions were expected to show in
about the same pattern of overall intensities as the charge state distribution. This means about
equal prominence of lines from Ne to Mg-like Xe ions, F- and Al-like ions at half this amount,
and everything else being much weaker. Indeed, the strongest line was identified at the time
(to be corrected below) with a transition in Ne-like Xe, and the weakest lines for which a
classification was suggested were associated tentatively with Si-like Xe ions.

4. Comparison of calculational results with observations

According to the expected range of charge states expected in the spectra (see above), MR—-MP
term energies and lifetimes of excited levels were evaluated for each of these ions. The term
energies and lifetimes of three representative ions, Ne-, Al- and Si-like Xe are displayed in
tables 1 and 2. For these multivalence-electron ions, very few experimental and theoretical
studies are available, whereas for Na- and Mg-like ions a literature search shows many more
entries.

In table 1, theoretical excitation energies (term values) of the lowest 36 excited states of
Ne-like Xe ion arising from the 2/~! 3/’ (I = 01, " = 0-3) configurations are compared with
available experimental data [44]. The energies were computed by subtracting the total energy
of the ground 1s?2s?2p® 'S state from those of the excited levels. The term energies of 12
excited levels in the Ne-like ion have been evaluated by MBPT [45]; these are also given for
comparison. For all the experimentally determined level energies, our MR—MP energies agree
well with experiment, a majority of them to within the experimental error.

A fair number of other calculations and semiempirical analyses are available for ions
along various isoelectronic sequences. These are, for example, for the Ne sequence [45—47],
for Na-like ions [17, 18, 48, 50], for the Mg sequence [19, 51-57], for Al-like ions
[20, 58, 59] and for the Si sequence [60—65]. With the exception of the Na sequence, in
which experimental tests up to US!* [66] have confirmed the high accuracy of the latest
calculations, most isoelectronic sequence calculations are not extremely accurate—aiming for
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Table 1. Comparison of the MR-MP calculated excitation energies E (eV) and lifetimes t with
experimental and other theoretical results in Ne-like xenon ion.

Level J EMR-MP) 7t(ps)  E(Expt E(MCDF?® E(MBPT)
252 2p® 0 0 0 0 0
23381 2 421002 42102(2)  4208.88 4209.9
2pyp3s1 1 421548 0.030 42152(2) 421444 4215.21
2p3h3pi2 1 430256 55.8

235310 2 430497 544 43053(2)  4304.29 4304.8
2p353p30 3 439041 7.07

2p;/123p3/2 1 439042 7.85

2p;53p3n 2 4398.68 636 4398.8(3)  4397.93 4398.5
2p3 5330 0 443307 3.76

2p;53dsn 0 4497.26 7.80

2p;53dsn 1 4503.08 0.59 4502.47
2p3h3ds2 3 4506.55 7.08

2p3h3dsn 2 451075 6.72

2p;p3dsy 4 4523.26 0.97

2p3h3dsy 2 452739 194

2p;h3dsy 3 453426 18.7

pip3sip 1 4543.69 0.006 4543.5Q2) 4542.42 4543.51
2pip3sis 0 454426 113

2pyh3dspy 1 4557.76 0.002 4557.8Q2) 455775 4557.96
2p;53p12 1 4636.26 55.6

2ph3pi2 0 4666.87 11.1

2ph3ps2 1 4725.09 6.40

2pip3p3n 2 4727.89 6.93  47284(5) 4726.92 4727.7
2pip3dsn 2 483977 6.95

257 p3s12 1 485437 0.466

2pip3dsn 1 4856.89 0.002 4857.4(2)  4856.20 4856.78
2pip3dsp 2 4860.69 18.2

2p;p3dsp 3 486339 19.6

2553510 0 4872.40 0.565

25 53pi2 0 4947.12 0.496

257 53p1a 1 4949.10 0.024  4949.2(4)  4951.60 4948.7
25753p32 2 5035.54 0.466

257 53p32 1 5039.68 0010  5039.92)  5042.03 5039.3
257 53d30 1 514670 0.523

257 53d30 2 514998 0.491

25, 53dsp 3 516671 0.510

25, 53dsy 2 517839 0.523  5178.8(2) 5181.22 5178.1
“ [44].

b [77].

accuracy usually puts high demands on computing power. This is in a way orthogonal to the
approach chosen here, the calculation of accurate values for many ions of a given elemental
species. Because of the different intentions, we refrain from direct comparisons with the
results of other calculations, with the exception of a few examples for which experimental
data are available as well (see below).
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Table 2. MR-MP calculated term values £ (cm~!) and lifetimes ¢ in Al-like and Si-like xenon
ions. The lifetimes of levels that have only El-forbidden decay channels (ground configuration
and one excited level in each ion) are much longer than the others; their lifetime is noted as
a(b) = a x 10” ps.

Al-like Si-like
State E(m™) 7 (ps) State E(@m™) 7z (ps)
3%3p 2Py, 0 3s23p23P; 0
3s%3p *P, 667574 3.79(5)  3s23p?3P, 595487 3.64(5)
3s3p2 4Py, 817897 87.0 3s23p2 3P, 646721 8.29(7)
3s3p24P3), 1343238 796 3s?3p* 'D, 1279395 1.99(5)
3s3p? *Ps» 1433127 202 3s23p2 1S, 1391729 1.37(5)
3s3p? 2P3), 1557533 11.0 3s3p? 38§ 1417831 117
3s3p? 2Py, 1622936 2.92 3s3p* DY 1577544 104
3s?3d2Ds;y - 1916301 2.22 3s23p3d3D§ 1779932 716
3523d 2Ds 2 1963221 82.2 3s3p® 3D3 1917844 534
3s3p? 2Ds)2 2161052 5.11 3s23p3d 3D 1979153 94.4
3s3p2 28,2 2292721 4.16 3s23p3d 3DS 1994272 1.65
3s3p?2D3;, 2332373 2.11 3s?3p3d 'Dy 2106886 6.01
3p*sy, 2391645 9.92 3s3p> 3D 2128563 124
3s3p3d*Dy,, 2503658 284 3s3p 3P§ 2162316  13.0
3s3p3d*Dg,, 2564648 110 3s3p> 3PY 2226461 7.41
3s3p3d *DY,, 2705035 2.93 3s3p? 3Pg 2257252 4.17
3s3p3d “D§,, 2714275 3.03 3s3p? 389 2309977 2.22
3s3p3d ‘DS, 2727239 122 3s?3p3d °P§ 2584398 1.61
3s3p3d ‘DY, 2776926  21.0 3s?3p3d 3F 2585651 718
3s3p3d DS, 2834659 121 3s23p3d °F] 2587049 2.60
3s3p3d °D§,, 2840974 4.68 3s23p3d 3Py 2587761 1.95
3s3p3d °Fg,, 3057098 5.26 3s23p3d °Fy 2593372 4.29(5)
3p %Y, 3105346 2.31 3s23p3d3P§ 2599675 2.25
3p ?P9), 3134007 3.79 3s3p?3d°F; 2619663 55.7
3s3p3d *F3, 3254258 3.64 3s3p?3d°F, 2650610  58.7
3s3p3d *Fy, 3256826 2.93 3s%3p3d 'F§ 2796197 3.84
3s3p3d *Py, 3260609 4.16 3s23p3d P9 2821938 5.56
3s3p3d *Fy, 3273673 4.45 3s3p?3d°D; 2825716 183
3s3p3d *F, 3290408 4.64(5) 3s3p?3d°D, 2884305 17.6
3s3p3d *Pg, 3389679 3.92 3s3p® 'DY 2905 186 2.66
3s3p3d P, 3421967 5.69 3s3p* P9 3047 160 1.61
3s3p3d?Pg, 3483350 237 3s3p?3d°P, 3085628  12.0
3s3p3d 2Fy,, 3498082 5.67 3s3p?3d°Dy 3120579 449
3s3p3d ’Fy, 3525761 1.74 3s3p?3d°D; 3139253 832
3p?3d *F3 2 3528947 11.7 3s3p?3dF; 3162322 569
3s3p3d Py, 3540680 1.75 3s3p?3d Dy 3232268 179
3s3p3d ’Fy,, 3588466 3.30 3s3p?3d°F4; 3271090 667
3s3p?3dFs 3376651 133

Table 2 comprises a few levels for Al- and Si-like Xe ions with lifetimes that are several

orders of magnitude longer than the others.
transitions, but only by higher-multipole order radiation, like M1, E2 or M2. Such long-drawn
out decays play no role in the present (time-resolved) beam—foil spectra. They would be

These are levels that cannot decay via El
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Table 3. Strongest E1 decay lines and transition probabilities A in xenon ions in the wavelength
range 50—110 A. The upper levels are selected with lifetimes 7 larger than 15 ps to simulate delayed
measurements. The Roman numeral labels in the first column refer to the spectral features in
figures 1 and 2. The elemental symbols Ne, Na, Mg, Al and Si denote the isoelectronic sequences.

Label A (A) Upper level 7(ps)  Lower level AT A%

1 52155 3s3p3d ‘P, 4.156  3s3p?“P3) 227(11)  2.15(11) Al
52.184  3s?3d2Dsp» 2215 3s%3p?’P}, 451(11) 45111 Al
52.258  3s3p3d *F2 " 2.930  3s3p>“*Psp 1.01(11)  3.01(10) Al
52328 3s3p3d*Fy,  3.639  3s3p**Pyn  2.19(11)  174(11) Al

II 54.834  3s3p3d *F2 " 2.930  3s3p>*Ps), 224(11)  1.47(11) Al
55.180  3p?°3P, 3.960  3s3p 3Py 2.50(11)  2.47(11) Mg
11 58.285  3d2Ds) 5785 3p’Py, 1.66(11) 1.59(11) Na
v 60.924 2p;/‘23d3/2{2} 7.011 2p;/123p1 {1}y 138(11)  1.33(11) Ne
61.465  3s3p%2Sy 4161 3s°3p°Py, 2.36(11)  231(11) Al
61.509  2p353dsp{3} 7084 2pih3pipf2) 13411 130(11)  Ne
61.617  3s3p?2Pi) 2915 3s%3p?PY, 3.30(11)  3.18(11) Al
61.833 2p;/‘23d3/2{1} 1.274 2p;/123p1/2{1} 1.07(11)  1.45(10) Ne
\Y% 62916  3p*3pP 4706 3s3p 3PS 1.19(11)  6.71(10) Mg
62917  3s3p P9 3.645  3s21Sg 2.74(11)  274(11) Mg
63.682  2p35h3dsn{0} 7941 2pih3pipfl} 12311 121(11)  Ne
63.823  3s3p*3PY 1298  3s%3p?3p, 7.70(10)  7.70(10)  Si
64.059  3p?3d*Fy, 6.648  3s3p3d*FP,  LIS(11)  8.74(10) Al
64.204  3s3p22P3) 1096 3s°3p’P}), 8.39(10)  7.71(10) Al
64.807 3s3p?3d5Dy 4490  3s3p*3DY 1.79(10)  1.44(10)  Si
VI 66.102  3p>'D, 13.08  3s3p P9 5.70(10)  4.25(10) Mg
66.631  3p’P3, 7.363  3s?Pi; 157(11)  1.57(11) Na
66.877  3s3p3d’Dg,  5.107 3s°3p’PY, 1.96(11)  1.96(11) Al
VI 75.958  3s3d°D; 11.63  3s3p3P§ 8.60(10)  8.60(10) Mg
VII 78988 3p3d°F§ 16,53 3p*'D, 3.15(10)  1.64(10) Mg
IX 84.930  3d2Ds)» 1534 3p?Py, 6.52(10)  6.52(10) Na
X 87.027 3d*!' G, 7.077  3p3d'F; 1.02(11)  7.39(10) Mg

XI 91433 2p;h3dspf2} 1856 2p;h3pspll}  437(10)  3.55(10) Ne
91454  2pjh3dsp(3} 1910  2p3)3pspf2l 404(10)  3.11(10) Ne
91502  2p;h3dsp(3} 2009 2p;)3pspf2l  494(10)  491(10) Ne
93333 2pjh3dsp{4} 2149 2p3)3psp{3} 465(10)  4.65(10) Ne

expected, however, to contribute to low-density plasma spectra from a tokamak or an electron
beam ion trap.

4.1. Comparison with Xe beam—foil spectra

The 1995 beam—foil spectra [8] mostly cover three spectral sections within the wavelength
range from 50-150 A. The spectra have been recorded at various foil displacements (up to
28 positions) from the line of sight of the spectrometer, corresponding to observations in a
range of delays after excitation. In the short-wavelength parts (50-100 A), the results for
decays with level lifetimes longer than 2 ps are listed in table 3; in the longer-wavelength part
(100-150 A), the typical level lifetimes are also longer, and we have listed decays with
characteristic lifetimes longer than 15 ps in table 4. Of the thousands of calculated lines that
fall into the range 50—150 A, we have listed only the strongest E1 lines expected. The observed
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Table 4. Strongest E1 decay lines and transition probabilities A in xenon ions in the wavelength
range 110-150 A. The upper levels are selected with lifetimes larger than 15 ps to simulate delayed
measurements. The numbers in the first column refer to the lines in figure 3. The elemental
symbols F, Ne, Na, Mg, Al, Si and P denote the isoelectronic sequences.

No A(A) Upper level 7 (ps)  Lower level AT A%t
1 110093 3p%3P, 14.67  3s3p 3PS 6.82(10)  6.81(10) Mg
2 114.853  3s3p?d F, 58.67  3s3p® DS 7.12(09)  2.98(09)  Si
3 117.396  3p3d3F§ 16.07  3s3d>D; 1.28(10)  2.70(09) Mg
4 119.086 3s3p?3d°F, 55.74  3s3p*3D§ 9.48(09)  5.01(09)  Si
5 120261 3s3p’3d°D§, 8827 3s3p?3d‘Dyn  8.15(09) 5.86(09) P
6  121.604 3s3p33S9 1169  3s%3p?3p, 4.99(09) 2.91(09) Si
7 122265  3s3p*Py) 96.63  3s?3p*Py, L15(10)  1.15(10) Al
8 123937 3p?’Py, 4270 3s’S1p 2.34(10)  2.34(10) Na
9  127.668  3s3p?3d°F; 1327 3s?3p3d °F 7.53(09)  7.53(09) Si
10 129.683  3s3p>3SS 1169  3s?3p?3p, 3.56(09)  1.49(09)  Si
10 129.953  3s3p°P9 160.54  3s%1S, 6.16(09)  6.16(09) Mg
11 130318  3s3p®“P3) 184.99  3s73p?P§,, 4.95(09)  4.95(09) Al
12 132262 3p3d°F 34.15 3s3d°D; 1.01(10)  3.55(09) Mg
13 133.945 2p;/‘23pl il 56.97 2p;/‘23s 1201 9.87(09)  5.54(09) Ne
13 133.991 2p;/123p1 il 57.86 2p;/123s1/2{2} 1.56(10)  1.40(10) Ne
14 134768 2p;3pi (1) 56.97  2pj 53s1/2{0) 5.81(09)  1.92(09) Ne
15 138554  2pyh3pif2} 56.28  2p;h3si{l) 8.15(09)  3.73(09) Ne
16 139999  2p*3p*Py, 76.05  2p*3s’Ds)n 5.29(09) 2.13(09) F
17 141375 2p*3p*D, 76.12  2p*3s*Ps)n 7.38(09) 4.15(09) F
18 145606  2p*3p*Pg, 29.86  2p*3s*Ps), 1.09(10)  3.54(09) F
19 147554  3s3p*3dF4 667.0  3s?3p3d ’F§ 1.04(09) 7.25(08)  Si
19 147609  3s3p*“*P3); 7958  3s?3p?P§, 7.18(09)  4.10008) Al

spectra show much fewer lines; considering the predicted line spacings and the experimental
spectral resolution, it is likely that many of the observed lines represent line blends.

In order to facilitate the visual comparison of calculated atomic data with observations, we
have synthesized spectra on the basis of our calculations. Line intensities were estimated from
transition probabilities and corrected for branch fractions; for the matching of delayed spectra,
the atomic decays were followed over a corresponding time interval. For the superposition
of spectra from ions in different charge states, the charge state fractions were modified
somewhat to improve the visual agreement of predicted and observed spectra. This charge state
distribution (close to the experimental estimates) was the only free parameter; the ab initio
calculational results for the wavelengths were not altered. No explicit attempt was made to
set up a model of initial level populations and cascade repopulation from high-lying levels.
Especially with the non-selective ion—foil interaction, high-lying and even multiply excited
levels may be populated, and cascade tails play a significant role in the decay curve analysis
of few-electron ions. Collisional-radiative models (like those based on the HULLAC [67, 68]
or the FAC code [69]) specialize in such multilevel population dynamics, but they do not
necessarily reach our wavelength accuracy. Because of the coarse modelling, the relative line
intensities in our synthetic spectra ought to be taken with a grain of salt.

In earlier experimental studies, line identifications have often been guided by
multi-configuration Hartree—Fock (MCHF) or multi-configuration Dirac—Fock (MCDF)
calculations, as was the case in the 1995 study of the beam—foil spectra [8]. Typically
the MCDF wavelengths deviate from experiment by as much as 2 A; such a deviation causes
uncertainty with the line identifications in line-rich spectra like the present ones.
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Figure 1. Experimental (top) and synthetic (bottom) spectra of xenon ions in the wavelength range
50-70 A. The upper trace shows replotted beam—foil data of [7, 8], the lower one results from our
present calculations. Na, Mg, and Al denote the isoelectronic sequences of the corresponding Xe
lines. Approximate charge state fractions: F-like ions 0.05, Ne-like 0.10, Na-like 0.55, Mg-like
0.20, Al-like 0.12, Si-like 0.05 and P-like 0.01. Branching was accounted for. Simulated for a
delay time of 10 ps.

Figures 1 and 2 show new lineouts of the beam—foil spectra first presented in [8], now with
improved wavelength scales. Figure 3 also shows data from that experiment, but is constructed
from a different set of observations that had higher spectral resolution (but fewer foil positions
which would be needed for lifetime studies). The three figures also contain synthetic spectra
of the same spectral ranges, simulated for an appropriate delay time after excitation. The lines
marked in figures 1 and 2 are identified in table 3. Figure 3 compares a synthetic spectrum
based on nineteen theoretical E1 lines (numbered 1-19 in table 4) with the experimental beam
foil spectrum in the 110-150 A range.

The long-wavelength section of the experimental beam—foil data (mostly featuring
3s-3py,, transitions) was basically correctly displayed in [8]. The middle section, with
the 3p3/»—3ds,, transition in Na-like Xe (84.93 A) as an anchor, required a slight rescaling of
the dispersion; it now shows a striking likeliness to the synthetic spectrum (see figure 3) which
in turn lends credibility to the calculated values and to the thus available identifications of the
weak lines in this range (table 4).

The short-wavelength section of the beam—foil spectra required a massive correction to
the assumed spectral dispersion. With the wavelength anchor unchanged (the 3p;,,—3ds/»
transition in Na-like Xe (58.285 A)), the corrected dispersion points to a different line than
before as the Mg-like Xe resonance transition 3s* 'So—3s3p P9 (62.917 A). The strongest line
of the spectrum was previously found to coincide with the prediction for a line in Ne-like
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Figure 2. Experimental beam—foil (replotted data of [7, 8]) (top) and synthetic (bottom) spectra of
xenon ions in the wavelength range 76-96 A. Approximate charge state fractions: F-like ions 0.05,
Ne-like 0.10, Na-like 0.55, Mg-like 0.20, Al-like 0.12, Si-like 0.05 and P-like 0.01. Branching
was accounted for. Simulated for a delay time of 10 ps.

Xe (see [8]). Now given a wavelength of near 66.5 A, this line turns out to comprise several
lines that may be expected to be strong, among them the 3s;/,—3p3/» transition in the Na-like
Xe ion (66.631 A). (The line in the Ne-like ion is still present, as part of a cluster of weak
lines, at 68.733 A.) The aforementioned transition in the Na-like ion on its own cannot explain
the overall intensity of the line (although cascade repopulation would easily boost the line
intensity beyond the result of our calculations); an important blending partner is the 3s3p
'P9-_3p? ID, transition in the Mg-like ion (66.102 A), which also carries massive cascade
repopulation along the chain of yrast levels (that is, of high #n, maximum / levels). In low-Z
ions, the 3p? ' D, level lifetime is about four to five times as long as the 3s3p P level lifetime.
In higher-Z ions, however, a decay channel of the 3p* 'D; level to the 3s3p 'P{ , levels opens
up and progressively shortens the 'D, level lifetime (see discussion in [70-72]). For Mg-like
Xe, the expected lifetime ratio is only about a factor of two, from an about equal branching of
the 'D, level decays into branches without and with spin change.

There are several interesting observations in the long-wavelength range spectrum. MCDF
calculations [58, 60] predict that Al-like ion 3523p ZP‘3’ /2—3s3p2 4Ps ,2 and Si-like ion
3s23’p2 3P2—3s3p3 SSS lines are blended at 128.95-128.96 A. Therefore, Tribert et al [8] earlier
identified the line at 127.9 + 1.0 A as a candidate for the Si-like ion 3s?3p? 3P,-3s3p? S5
line and the 130.4 A line as the blend of Mg-like and Al-like lines (labelled J and K in [8]).
The results of our MR-MP calculations, however, suggest that their line J results from the
decay of lowest even-parity J = 5 level in the Si-like ion to the lowest odd-parity J = 4 level,
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Figure 3. Experimental beam—foil data [7, 8] (top) and synthetic (bottom) spectra of xenon
ions in the wavelength range 110-150 A. Approximate charge state fractions: F-like ions 0.02,
Ne-like 0.13, Na-like 0.32, Mg-like 0.35, Al-like 0.18, Si-like 0.08 and P-like 0.02. Branching
was accounted for. Simulated for a delay time of 40 ps.

and not from the 3P2—Ssg transition. The lower level of this particular transition, 3sz3p3d 3F2,
is also relatively long-lived. All of its decay branches are electric-dipole forbidden transitions.
Because of its longevity (a level lifetime of about 10 ms has been measured in a storage ring
experiment of Si-like Fe!>* ions [73]), it probably is quenched in many laboratory plasmas.
Spectrally resolved observations of the decay branches do not exist, but the decay of the (not as
long-lived) 3F§ level of the same term has been identified in delayed beam—foil spectra of ions
of iron group elements [74], in agreement with calculations of the same type as used here [22].
The new assignment refers to a transition not assigned (to our knowledge) in any other Si-like
ion; hence there is no expertise and isoelectronic comparison to help judge the validity of the
assignment, beyond our calculation and the supporting argument that in beam—foil spectra
the levels with the highest J-values often are amply populated. However, such particularly
long-lived levels far above the ground configuration do occur in quite a number of isoelectronic
sequences (for an early discussion, see [75]). They contribute to extended cascade tails in
beam—foil lifetime measurements, and they may be of importance in the diagnostics of plasma
spectra where they influence the temporal development of discharges by providing excited-
level population traps with level lifetimes that differ from most of the neighbouring levels by
several orders of magnitude. Their longevity may also provide stepping stones for collisional
ionization well below the ionization potential of a given ion, and thus they influence the charge
state balance [76]. Beyond the ground configuration that has M1 and E2 transitions only,
table 2 lists one excited level each in Al-like and Si-like ions that has no electric dipole decays
and therefore has a much longer lifetime.
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Within the experimental uncertainty, the strong lines of the Na- and Mg-like ions were seen
in the beam—foil spectra at positions that agreed with preceding measurements on stationary
light sources. (A typesetting error occurred in table 1 of [8]: a line (actually a line blend) at
130.4 A (old calibration) (see figure 3) was wrongly listed with a wavelength of 134 A ). The
observed positions of the transitions in Na-like ions at 123.9 + 0.5 A, Mg-like ions at 63.2 +
0.5 A and at 130.4 + 0.5 A, and of the Al-like ion 122.5 + 0.5 A and 147.0 + 1.0 A lines agree
with the MR-MP prediction within the experimental error. However, the identification of the
Al-like 122.5 £ 0.5 A line, *P; ,—*P} 12> ought to read (*Py P 1»)- The predicted Si-like ion
3PI—SSg line at 121.604 A is blended with the Al-like ion line ZP‘I’ /2—4P1 2 at 122.265 A. The

predicted Si-like ion *P,—3S} line at 129.683 A is blended with other lines at 130 A.

Because of the blending situation and the charge state distribution, there is no direct
observation of the two decay branches of the 3s3p® >SS level in the Si-like ion, invalidating
the tentative suggestion made in the earlier work [8], then guided by a survey calculation
[60]. Bengtsson et al [62] have declared that suggestion to be anyway grossly wrong, based
on their isoelectronic studies that showed a trend which, however, itself deviated noticeably
from the well-established trend at lower nuclear charges [59]. When this inconsistency was
pointed out [63], Ishikawa and Vilkas [64] performed new calculations which indicated that
probably everybody had been not quite right on these transitions in high-Z Si-like ions (Xe
and Au [8, 9]) so far. Another later calculation [65] has wavelength results near to the same
isoelectronic trend, but it does not mention any corrections for radiative effects. Obviously,
the level position and decay details of the lowest quintet levels in Si-like ions in the middle of
the periodic table of elements cannot be sorted out without high-resolution spectra of several
ions (isoelectronic trends), and these are not yet available.

4.2. Comment on decay curves and lifetimes

One of the unique advantages of the beam—foil light source lies in the fact that it inherently
provides time resolution and thus can be used to determine atomic level lifetimes in the
picosecond- to nanosecond-range. This property was the main point of [7, 8]. At the time it
was noted that several lines consisted of line blends, representing the decays of levels with
not very different lifetimes (similar electronic states in ions that differ by one or a few units of
charge). The new calculations indicate that even more decays may have contributed.

For example, there are four major 3s—3p—3d transitions in the Na-like Xe ion, and previous
beam—foil work [7] found them in a pattern of decay curves and extracted lifetimes that
were compatible with expectation, although we now know that one of the four lines was
misidentified. Similarly, the resonance line in the Mg-like ion was misidentified, but the
measured lifetime is in reasonable accord with expectation. The reason for the overall
agreement of experiment and calculation lies in the ‘type of transition’. The lines in the
spectra are grouped by ‘type’: in Xe, the 3s;,,—3pj,, lines have about twice the wavelength
of the 3s;,-3p3> lines; within each ‘type’, the wavelength (and thus lifetime) differences are
small, because the screening differences in Na-, Mg- and Al-like ions are small, while some
of the oscillator and line strength values are practically the same. Where the spin changes
(intercombination transitions), as in the 3s;,,—3pi» transitions of Mg- and Al-like ions, the
predicted lifetimes differ by only 10%—which is quite compatible with the experimental
uncertainty. In table 5 we present the previously reported lifetime measurement results in
combination with the updated line identifications.

The Mg-like ion line 'So—>P¢ at 129.95 A, the Al-like ion line at 130.32 A and the Si-like
ion line at 129.68 A are blended. The theoretical MR—MP lifetime value of 160.5 ps for the Mg
3P level is in good agreement with the MBPT lifetime of 163 ps. These theoretical lifetimes
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Table 5. Beam—foil lifetimes [7, 8] and updated Xe line identifications. The elemental symbols
Ne, Na, Mg, Al and Si denote the isoelectronic sequences. Wavelength and lifetime values marked
with an asterisk (*) are from this work. Wavelengths of transitions in Na-like ions have been used
as references and are therefore give without error bars.

Wavelength A (nm)

Lifetime t (ps)

Observed Reference Sequence and transition Observed Predicted
58.2 58.229 [40] Na3d’D3;» — 3p*P} 6412 5.62 [49, 17]
58.285% 5.79%
613403 5415
60.924* Ne 2p; 53d3/2{2} — 2p; 53p12{1} 7.01%
61.465% Al3s3p? 2812 — 3s°3p P§ 4.16%
61.509% Ne 2p3 53d3/2{3} — 2p3 53pi2{2} 7.18%*
61.617* Al3s3p? 2Py p — 3573p 2P} 2.92%
61.833% Ne 2p;/123d3/2{1} N 2p;/123p1/2{1} 1.27%
63.8+0.5 62.895 [42] Mg 3s3p 'P9 — 352 1S 6.8 +0.6 3.54 [51]
72.14 [52] 3.21 [55]
62.916* 4.71%
63.682% Ne 2p°3p *Py — 2p°3s°P9 7.94%
63.823* Si 3s3p® 3P§ — 3s23p? 3P, 13.0%
64.059* Al3p?3d “Fg, — 3s3p3d *FY 6.65%
64.204% Al3s3p?2D3)2 — 3s°3p *PY 11.0%
66.102% Mg 3p? 'D; — 3s3p°P? 13.1%
66.5 66.541 [40] Na3p 2P, — 3sS1)2 14+15 6.27 [49, 17]
66.631* 7.36
66.877* Al 3s3p3d *DS , — 3573p *P3 ), 5.11%
84.8 84.814 [40] Na 3d *Ds;» — 3p *P§), 14+4 14.9 [49]
15[17]
84.930% 15.3%
120 £ 0.1
120.65 [60] Si3s3p3 789 — 3s23p? 3P, 111 [60]
121.604% 117*
1224 +£0.2 121.15 [58] Al3s3p? 4Py — 3573p 2P} 83 58]
122.265% 96.6%
123.9 123.897 [40] Na3p 2P}, — 3s’Si)2 2+3 42 [49, 17]
123.937% 42.7%
1279 +£0.1 127.668* Si 3s3p?3d °Fs5 — 3s23p3d °F} 133*
128.95 [60] Si 3s3p? 389 — 3523p? 3P, 111 [60]
129.683* 117%
128.96 [58] Al3s3p? *Ps — 3s°3p *P§ 191 [58]
130.318% 185%
130.0 £ 0.1 129.92 [42] Mg 3s3p 3P9 — 352 IS 170 £ 30 158 [51]
129.92 [52] 153 [55]
129.953% 161
1333+ 0.3
146.3 [58] Al3s3p* P35 — 3573p ?P§ 762 [58]
147.609* 796

are in good agreement with the experimental lifetime of 170 £ 30 ps within the experimental

uncertainty.

While in some cases the lifetime data can be associated with one dominant contribution
to the effective decay curve obtained from a spectral feature, there are other features that
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Figure 4. Section of a Xe spectrum obtained at an electron beam ion trap [10] (top) and
corresponding synthetic spectrum (bottom). The spectrometer has a similar Rowland circle
diameter (R = 5 m) as the one used for the beam—foil spectra shown in figures 1-3, but has
a four times higher groove density. The gain in spectral resolving power is striking. The principal
spectral features in this spectrum are identified in table 6.

consist of too many blended components to ascribe the result of multiexponential fits to just
one level. The measurements agree with expectation in all cases at least in the sense that in
the short-wavelength spectral section the typical lifetimes of interest are near 10 ps, and that
lifetimes of about 100 to 200 ps in the long-wavelength spectra. However, in order to obtain
more level-specific lifetime numbers from experiment, measurements with higher spectral
resolution are required. The same is necessary to find out about the relative importance of
various calculated contributions to a given spectral feature.

4.3. Comparison with recent Xe spectra from the Livermore electron beam ion trap

For need of signal, grating spectrometers in beam—foil spectroscopy usually operate with much
wider slits than would be possible at the diffraction limit. Under such conditions, the line
width is dominated by the instrumental line width and is largely independent of wavelength.
This implies that at short wavelengths the resolving power A/ AA suffers. This is evident in the
beam—foil spectra that we show. Higher resolving power would be available, if the Doppler
broadening was reduced (for example, by using a stationary light source instead of the fast
ion beam), or a grating with a larger Rowland circle radius or of higher groove density. As
it happens, there are data available from an electron beam ion trap (Livermore SuperEBIT, a
stationary light source) that have been obtained with a grating of similar Rowland circle size
(diameter 5 m) and a groove density of 1200 £ mm™! (four times higher than in the GSI work)
[10]. These spectra include the range from 50-70 A (figure 4, table 6). The EBIT spectra
cover the other ranges of the beam—foil data set, too. For example, they show the strong lines
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Table 6. EBIT spectrum of xenon ions. The letter labels refer to spectral features in figure 4.
Experimental wavelength uncertainties are about 0.05 A. The elemental symbols Na, Mg, Al and
Si denote the isoelectronic sequences.

Label  Aexpt Atheor Upper level 7 (ps) Lower level A (s™1) At

50.03  50.144  3s3p3 P9 1.648  3s23p?3P,  6.03(11) 5.99(11) Si
52.07 52184 3s3p?2D3, 2215 3s%3p ZPT/Z 451(11) 4.51(11) Al
6158 61.617 3s3p?Pip 2915 3s?3p?Py, 3.30(11) 3.18(11) Al
62.88 62917 3s3p'P¢ 3.645 3s21S, 2.74(11)  2.74(11) Mg
63.35 63390 3s3p*°D¢ 1038 3s?3p?3P,  7.87(10) 6.43(10) Si
64.19 64204 3s3p>°P3n 1096 3s?3p?Pj, 839(10) 7.71(10) Al
66.60  66.631 3p2P3, 7.363  3s2Si; 1.57(11)  1.57(11) Na

QmUmmg O w >

of figure 4 also in second and third diffraction orders. However, the first diffraction order lines
near 130 A are very weak in those spectra, too weak to merit analysis in the present context.

The EBIT spectra in the 70 A range are not calibrated to high precision, because the
calibration emphasis in that work was on a different range within the operating range of the
spectrometer. The spectrum shown in figure 4 is, in fact, from the short-wavelength edge
of a spectrum in which the lines of present interest are covered only by an extrapolation of
the calibration from the nearest reference points. The agreement of calculated wavelengths
and observed spectral features nevertheless is typically better than 0.05 A, which is also the
estimated calibration uncertainty.

The relative line intensities in the EBIT spectrum are drastically different from those of
the beam—foil spectra. Excitation in EBIT is (almost) from the true ground state only—this is
typical for a low density light source in which there is sufficient time between excitations so
that excited levels can decay radiatively before the next collisional excitation takes place. In the
high-density environment inside an exciter foil (or in a laser-produced plasma), the collision
frequency is so much higher that practically all levels can be reached. The beam—foil spectra
are richer (more crowded). Consequently, line blends afflict the aforementioned beam—foil
spectra much more than the EBIT spectra. However, our calculations indicate that the strong
line of Na-like Xe in the EBIT spectrum, which may be considered as a wavelength anchor,
may be suffering from a blend with a line from the P-like Xe ion, within its rather narrow line
width. Even higher spectral resolution will be needed for an unambiguous spectral analysis
and high-accuracy wavelength determinations. Table 6 identifies the prominent features of the
EBIT spectrum according to our calculations and to [10].

5. Conclusion

In the present work we discuss how a series of calculations by a given technique fares on a
range of ions of the same element, how spectral simulations can help in revealing assignment
errors, and we reanalyse the earlier beam—foil data. In addition, we compare some of the
synthetic spectra and the beam—foil data with observations from a light source of very different
properties, the electron beam ion trap. Twelve years ago, it was difficult to find out, which
strong line might be originating from which transition in which ion. With the new calculations,
there are often several reasonable identifications within the measured line profile, and weak
lines that have been neglected before can now be identified. Evidently, computations have
remarkably improved. They clearly supersede some earlier theoretical work that had served
as guidance for the spectral analysis of data beyond the range of nuclear charge Z for which a
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Table 7. Contribution (cm~!) from each order of perturbation theory to the transition energies of
lines in the 60-150 A wavelength region.

ECI E(z) E(OJrHZ)ﬂ ELSb Eotherc Etotal
Na-like 3p *P ,-35>S1 2
MR-MP 820982 —2056 818926 —11946  —62 806 862
MBPT? 830667 —1633 —12217 806817
Experiment [48] 806970 £+ 200
Mg-like 3s3p 3P9-3s? 1S
MR-MP 709 580 1030 710610 —11493  —54 699 063
Mg-like 3s3p 'P9-3s2 1S
MR-MP 1606498  —5578 1600920  —10644  —833 1589396
Experiment [10] 1590460 + 300
Experiment® 1590330 + 1250
Al-like 3s3p” Py />-3s?3p *PY
MR-MP 830114 —693 829421 —11368  —103 817897
Al-like 3s3p? °Py/>-3s?3p *PY
MR-MP 1640900  —6506 1634394  —10589  —816 1622936
Experiment® 1623900 = 1300
Si-like 3s3p? *D9-3s23p? 3P,
MR-MP 1589544  —2225 1587319  —8974 —748 1577 544
Experiment® 1578 500 £ 1250
Si-like 3s3p? 89-3s23p? *P,
MR-MP 833204 164 833368 —10917 —128 822344
MR-MP [64] 822701
RCI [65] 834274
Si-like 3s3p? 389-3s23p? >P,
MR-MP 779 846 2287 782133 —10917 —126 771110
MR-MP [64] 771213
RCI [65] 782234

CESY = EJ L EQ.

b Lamb shift correction.

¢ First-order frequency-dependent Breit correction, A B(w)", plus normal and specific mass shifts.
4 Third-order MBPT calculations [18] including Lamb shift corrections [17].

¢ Present work.

fairly consolidated body of atomic data existed at the time. The present calculations are the
first that treat all Xe ion species of present interest on a comparable level of detail, and the
wavelength results are good enough to enable instant line identifications with transitions in a
fair range of ion charge states.

Now that the experimental data base has been clarified, we can compare the quality of our
wavelength calculations with selected experimental data. Table 7 displays the contribution
from each order of MR—MP perturbation theory to several representative transition energies
in Na- to Si-like Xe ions. The relativistic CI energies EX (equation (6)) and second-order
DCB correlation corrections E® (equation (18)) are displayed, respectively, in the second
and third columns. The MR-MP transition energies are compared with experiment (where
available) in the last column. Throughout the examples, theory agrees with experiment
within the experimental uncertainty. Theory is in excellent agreement with experiment on the
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prominent 3s—-3py , transition in Na-like Xe, which has been well characterized experimentally
[48]. This agreement would not occur, however, if the QED contribution was not accounted
for. Throughout the various Xe ions discussed here, the Lamb shifts result in significant
corrections, of the order 10000 cm™!, and are needed to obtain close agreement between the
calculated and experimental transition energies. The residual DCB correlation corrections are
also non-negligible. An accurate account of the residual dynamic correlation by MR-MP is
crucial in achieving spectroscopic accuracy even in the highly ionized high-Z ions.

The new calculations enhance and expand the interpretation of the available beam—foil
spectra. They also predict the spectral features to be expected in adjacent spectral ranges.
This is a most valuable practical tool for spectral exploration. A comparison with EUV
spectra from an electron beam ion trap (which offers higher spectral resolution than the beam—
foil technique, but has no comparable time resolution) reveals excellent agreement with the
spectral structure seen in such an experiment. The EBIT spectra represent much more selective
excitation features than does the ion—foil interaction, but the higher experimental precision
obtainable, in combination with accurate calculations, seems to be superior to most spectral
analyses based on the beam—foil technique alone.

The identification of almost all features in the line rich EUV spectra of, both, foil-
excited Xe ion beams and the Xe ions stored in an electron beam ion trap, would have
been almost impossible without detailed guidance by calculation. The present calculations
appear to be not merely useful in this context; they are superior in wavelength accuracy to
measurements that have not been trained to yield utmost wavelength accuracy (which likely
can be achieved only under very favourable circumstances), and they actually compete with
precise experiments. To put these claims into numbers: the deviation between our calculational
results and experimentally established wavelengths for prominent lines in Na- and Mg-like Xe
[40, 42] is of the order of 0.05 A. We expect similar uncertainties for the other isoelectronic
sequences, once experiment provides hard data. In contrast, the deviation of other calculations
from our results (and thus most likely also from the proper experimental values) is ten to fifty
times larger. Although the moderate spectral resolution of the beam—foil data is insufficient
to resolve various line blends, the data rule out a number of earlier calculational results while
being fully compatible with our calculations.
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